The cyanobacterium Synechocystis sp. strain PCC 6803 possesses two CO 2 -uptake systems and two HCO 3 -transporters. We transformed a mutant impaired in CO 2 uptake and in 
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SUMMARY
The cyanobacterium Synechocystis sp. strain PCC 6803 possesses two CO 2 -uptake systems and two HCO 3 -transporters. We transformed a mutant impaired in CO 2 uptake and in cmpA-D encoding a HCO 3 -transporter with a transposon-inactivation library, and recovered mutants unable to take up HCO 3 -and grow in low CO 2 at pH 9.0. They are all tagged within slr1512 (designated sbtA). We show that SbtA-mediated transport is induced by low CO 2 , requires Na + , and plays the major role in HCO 3 -uptake in Synechocystis. Inactivation of slr1509 (homologous to ntpJ encoding a Na + /K + translocating protein) abolished the ability of cells to grow at [Na + ] higher than 100 mM and severely depressed the activity of the SbtAmediated HCO 3 -transport. We propose that the SbtA-mediated HCO 3 -transport is driven by ∆µNa + across the plasma membrane, which is disrupted by inactivating ntpJ. Phylogenetic analyses indicated that two types of sbtA exist in various cyanobacterial strains, all of which possess ntpJ. The sbtA gene is the first one identified as essential to Na + -dependent HCO 3 - transport in photosynthetic organisms and may play a crucial role in carbon acquisition when CO 2 supply is limited, or in Prochlorococcus strains that do not possess CO 2 -uptake systems or Cmp-dependent HCO 3 -transport.
INTRODUCTION
Growth of many photosynthetic microorganisms depends on the activity of a CO 2 -concentrating mechanism (CCM) 1 which raises the [CO 2 ] in close proximity to ribulose-1,5-bisphosphate carboxylase/oxygenase and thereby enables efficient CO 2 fixation despite the low affinity of the enzyme for CO 2 (1, 2) . In the cyanobacterium Synechocystis sp. strain PCC 6803 (hereafter Synechocystis 6803), the CCM involves active CO 2 uptake and HCO 3 - transport. We have recently identified two systems for CO 2 uptake in Synechocystis 6803, one constitutive and the other inducible by low CO 2 (3) . As deduced from phylogenetic analysis of proteins encoded by the genes involved, these CO 2 -uptake systems are present in various cyanobacteria with the exception of Prochlorococcus marinus (3) . The inducible system that depends on NdhD3/NdhF3/CupA shows higher maximal activity and higher affinity for CO 2 than the constitutive, NdhD4/NdhF4/CupB-dependent system. Inactivation of two different genes, one encoding a component of the constitutive system, and the other a constituent of the inducible system, abolished CO 2 -uptake activity. The double mutants were unable to grow at pH 7.0 under air level of CO 2 (3, 4) . In contrast, since the mutants possessed HCO 3 -transport capability they could grow like the wild-type (WT) at pH 9.0 in air.
An ABC-type HCO 3 -transporter encoded by cmpABCD has been identified in a Na + -dependent HCO 3 -transporter might be functioning in cyanobacteria (7) (8) (9) (10) . In this paper we bring evidence that slr1512 (designated sbtA for sodium-bicarbonate transport A) and slr1509 (ntpJ) are essential for Na + -dependent HCO 3 -transport and that sbtA most likely encodes a novel HCO 3 -transporter, the first one identified in photosynthetic organisms. We suggest that SbtA-mediated HCO 3 -transport could be driven by the electrochemical gradient of Na + across the plasma membrane, established by NtpJ. ; 400-700 nm).
EXPERIMENTAL PROCEDURES
Growth Conditions--WT
Construction and Isolation of Mutants--B1
is the mutant where several nucleotides within ndhB were replaced, as previously described (12, 13) . This mutant does not take up CO 2 but showed normal HCO 3 --transport activity. Construction of mutants ∆ndhD3, ∆ndhD4, ∆cmpA and ∆ntpJ has been described earlier (12) and/or deposited in the web site "CyanoMutants" Other Methods--Procedures previously described were used for the measurement of comparative cell growth on agar plates buffered at pH 9.0 (4, 12). WT cells had no effect on their growth (not shown) presumably since the mutants were able to take up sufficient CO 2 to support their growth. Similarly, disruption of sbtA in the single ∆ndhD3 or ∆ndhD4 mutants, which are able to take up CO 2 either by the constitutive or by the inducible systems (3, 4, 12) , had no effect on their growth (upper panel, Fig. 1B ). It is most likely that the ability to take up HCO 3 -enabled growth of the ∆ndhD3/D4 mutant at alkaline pH and air level of CO 2 . However, inactivation of sbtA in this double mutant resulted in the loss of its ability to grow under low CO 2 even at pH 9 (Fig. 1B) . These results suggested that the gene product of sbtA is involved in HCO 3 -transport and that its activity could support growth of the ∆ndhD3/D4 mutant, particularly at pH 9.0. In contrast to the ∆ndhD3/D4/sbtA 9 mutant, inactivation of cmpA in the ∆ndhD3/D4 strain scarcely affected its growth (Fig. 1B) .
RESULTS
A Gene Involved in a Novel
These results indicated that the contribution of the Cmp-dependent HCO 3 -transport to the growth of Synechocystis 6803 is negligible. All mutants examined, with the exception of ∆ndhD3/D4/sbtA (lower panel in Fig. 1B ) and ∆ndhD3/D4/sbtA/cmpA (not shown) grew like the WT on agar plates under 3% CO 2 . The latter mutants could grow like the WT in liquid medium at pH 9.0 in 3% CO 2 in air (v/v) but not in air alone (Fig. 1C) .
Inactivation of the slr1513 gene, located downstream of sbtA (Fig. 1A) , within the ∆ndhD3/D4 mutant had no effect on growth performance (not shown). This result ruled out a possible pleiotrophic effect due to interruption of sbtA. Figure 2A shows the amounts of HCO 3 -taken up by WT and various mutants during 15 sec incubation with 400 µM HCO 3 -. There was no significant difference between the amounts of HCO 3 -taken up by the WT and by mutants ∆ndhD3/D4, ∆ndhD3/D4/cmpA (a, b and c). HCO 3 -uptake by ∆ndhD3/D4/cmpA was about six times higher in light than in darkness (c and c'). Inactivation of sbtA in ∆ndhD3/D4 severely depressed the rate of HCO 3 -uptake (d and d'); disruption of cmpA in ∆ndhD3/D4/sbtA reduced the HCO 3 --transport activity somewhat further (e and e').
The low level of HCO 3 -uptake observed in ∆ndhD3/D4//sbtA/cmpA most likely reflected nonspecific adherence of small. This is in agreement with the ability of ∆ndhD3/D4/cmpA, but not ∆ndhD3/D4/sbtA and ∆ndhD3/D4/cmpA/sbtA, to grow under low [CO 2 ] (Fig. 1B) .
A small amount of transcript originating from sbtA was detected in the WT and (Fig. 2, d ).
The SbtA-dependent HCO 3 -uptake was strongly affected by the ambient pH level. At pHs 8.0 (Fig. 2, j) (Fig. 4B) . Maximal HCO 3 -uptake was attained at 6 mM Na + and the concentration of Na + essential to support half maximal HCO 3 -transport was about 1 mM (Fig. 4B) . These results are in general agreement with an earlier report (10) medium at pH 9.0 in air, but growth was severely depressed when [NaCl] was raised above 100 mM (Fig. 5A) . These results suggested that NtpJ could be involved in Na + extrusion and that failure of the mutant to extrude Na + abolished its growth at elevated [NaCl] . In contrast to the WT, inactivation of ntpJ completely abolished growth of the ∆ndhD3/D4 mutant even in BG11 medium in air (Fig. 5B) . On the other hand, under 3% CO 2 , the ∆ndhD3/D4/ntpJ mutant grew almost like the WT (Fig. 5B) . These results suggested involvement of NtpJ in the supply of Ci for growth. This was confirmed by measuring the uptake of HCO 3 -uptake by this mutant (Fig. 5C ). The HCO 3 --transport activity in the ∆ndhD3/D4/ntpJ mutant was only about one third of that in the ∆ndhD3/D4 mutant ( Fig. 5C ) and became much lower during longer exposure of the mutant to light. These results support the notion that NtpJ is a subunit of a Na + extrusion pump essential for the SbtA-mediated HCO 3 -transport. 
Phylogenetic Analysis of SbtA and NtpJ in Cyanobacteria--Homologues
13
Anabaena possesses both types of SbtA. The sequence homology between the two types of SbtA is relatively weak but analyses of hydrophobicity profiles indicated that both types contains 10 membrane-spanning domains that are structurally highly conserved (Fig. 7) .
Search for specific motifs with the aid of TargetP program (26) inactivate both CO 2 -uptake systems to recover the ∆sbtA mutants since presence of either of them enabled photoautotrophic growth even at pH 9.0 in air (Fig. 1B) SbtA/CmpA/NdhD3/NdhD4. Enhancement of the expression of sbtA by low CO 2 ( Fig. 3 ) was in agreement with the considerable rise in HCO 3 -transport capability in cells grown under these conditions (Fig. 2) .
The Nature and Mode of Energization of the SbtA-Mediated HCO 3 -Transport--Data
presented here may help to identify the primary pump involved in the SbtA-mediated active (Fig. 5) . These data are consistent with the suggestion that SbtA is a component of a Na + /HCO 3 -symporter that drives the HCO 3 -transport secondary to a primary Na + pump (7, 9, 10 (21) concluded that the Na + flux was not sufficient to support the rate of photosynthesis (thought to be supported solely by HCO 3 -transport). However, photosynthesis in both Synechocystis 6803 and Synechococcus 7942 is largely supported by CO 2 uptake, even at high external pH.
The alternative possibility that HCO 3 -transport is energized by the ∆µNa + generated by a Na + /H + antiporter, secondary to H + -ATPase (29), is unlikely. SbtA-mediated HCO 3 -transport activity was highest at pH 9.0 and lowest at pH 7.0 whereas the ∆µH + in cyanobacteria declines with rising pH. At alkaline pH such as 9.0, ∆µH + would not suffice to drive HCO 3 -uptake (8, 21) . We cannot dismiss the possibility that Na + binds to the HCO 3 -carrier and alters its kinetic parameters (7, 10) . However, the fact that a ∆ntpJ mutant was impaired in both the ability to grow under high Na + and take up HCO 3 -lends support to the possibility that NtpJ is involved in Na + extrusion rather than in the affinity of the HCO 3 -carrier for its substrate. This is further supported by the suggestion that NtpJ belongs to a Na + -transporter family (http://motif.genome.ad.jp/) and it is homologues to a subunit of HKT1 in
Arabidopsis thaliana that mediates Na + transport (30) . We suggest that it is most plausible that by guest on November 19, 2017 
